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INTRODUCTION The Protein Folding Problem
The pioneering studies of Anfinsen and his colleagues (3) with the in vitro refolding of purified ribonuclease A left the long-lasting impression that the folding of a newly synthesized polypeptide was an intrinsic feature of its primary structure, independent of other factors [reviewed in (39) ]. The probability that a given unfolded polypeptide will fold properly increases at relatively low protein concentration (which limits interpolypeptide aggregation) and low temperature (which attenuates hydrophobic interaction). However, the relatively high protein concentrations in the cytosol (300 mg/ml) subject the growing polypeptide to premature interactions with other intra-or interpolypeptide domains, thereby leading to misfolding and aggregation (39) . To deal with these problems, a set of proteins, collectively called chaperones, has evolved whose primary function is to ensure that polypeptides will fold properly in the cell. These chaperone proteins act primarily by binding to the reactive surfaces (mostly hydrophobic) of polypeptides. In doing so, chaperones sequester these reactive sites from the rest of the reactive surfaces present in their vicinity, thus effectively preventing aggregation and favoring the proper folding pathway. In general, the chaperone proteins act without covalently modifying their polypeptide substrates and without being part of the finished product (15) . Because high temperatures tend to favor protein unfolding and hydrophobic interactions, there is an extra need for chaperones to prevent protein aggregation in vivo. This is most likely the reason why many chaperones are expressed at much higher levels in cells after heat shock (25) . Recent genetic and biochemical studies have highlighted both the specialized as well as synergistic roles that the various chaperone machines play in preventing protein aggregation and/or promoting disaggregation. For example, in E. coli it has been recently shown that Trigger factor (a chaperone with cis-trans prolylisomerase activity) and the DnaK chaperone bind first to the nascent polypeptide chain (13, 67) . Their synergistic mode of action ensures that the polypeptide chain will not aggregate, and helps explain why mutations in their corresponding genes are synthetically lethal (13, 67) . In this review we concentrate on the genetics and concepts that led to the discovery of the GroE chaperonin machine, with emphasis on the biological role of bacteriophage-encoded cochaperonins. Most other genetic and biochemical aspects of the GroEL/GroES chaperonin machine have been ably reviewed (1, 9, 19, 34, 60) . To emphasize the fact that the GroEL and GroES proteins are uniquely found in bacteria, mitochondria, and chloroplasts, they are referred to as chaperonin and cochaperonin, respectively (15) .
Bacterial Mutants that Block Bacteriophage Development
Because the encoding capacity of bacteriophages is limited by their genome size, of necessity they are dependent on much host-encoded machinery for their developmental cycle. Bacteria that block bacteriophage growth at a step following adsorption and DNA injection can be simply isolated as colony formers in the presence of a suitable concentration of bacteriophage. Such bacterial mutants can form colonies because infection by the bacteriophage does not lead to the production of viable progeny. Hence, an individual bacterium may be killed as a result of bacteriophage infection, but an infectious bacteriophage particle is eliminated in this process, thus allowing the rest of the bacteria in the colony to grow. Once mutant bacteria that block bacteriophage growth have been isolated, the identification of the exact step blocked can be pursued by isolating bacteriophage-encoded compensatory mutations that overcome the mutant host-imposed block. In principle, there are at least four ways by which bacteriophage can overcome the host block. First, the bacteriophage-encoded gene, whose product normally interacts with the bacterial protein in question, can mutate so that its mutated protein product restores functional interaction. Second, the bacteriophage product can be overproduced, thus restoring an adequate functional interaction with the mutated host function. Paradoxically, it is also possible that a bacteriophage mutation can compensate for the host block by simply lowering the level of a bacteriophage-encoded product, thus enabling the partly disabled host-encoded protein to more effectively carry out its function. Floor (20) was the first to demonstrate that such a mechanism can explain how a reduction in the baseplate components of bacteriophage T4 can compensate for a reduction in the tail fibers, which attach to the baseplate, and are needed for infectivity. Finally, the bacteriophage-encoded gene can mutate, so that it effectively bypasses the host-imposed block. For example, this can happen when the bacteriophage-encoded mutated protein can fold or assemble spontaneously without assistance by the host.
THE E. coli GROE CHAPERONIN MACHINE

Discovery and Early Studies with the groE Locus
In the 1970s, a number of laboratories reported the isolation of E. coli mutants that block growth of either bacteriophage λ or T4, specifically at the level of head assembly, and bacteriophage T5 at the level of tail assembly (Table 1) . These mutants were originally termed groE (22, 23, 63, 64) , tabB (12, 65) , mop (66) , hdh (50) , and hd ( fatA) (62) . The groE, mop, tabB, and hdh alleles turned out to be mutations at the same locus and are referred to here collectively as groE. The groE mutants were so named because they blocked bacteriophage λ growth (gro), and the first bacteriophage λ mutants able to propagate on these mutant bacteria were shown to have amber mutations in gene E, whose product is the major capsid protein of bacteriophage λ, hence the designation groE (22, 63) . Here, serendipity played a major role since the very first groE mutant isolated, groESAC3, was a derivative of C600, which carries the supE amber nonsense suppressor. On this particular mutant host, the vast majority of bacteriophage λ mutants isolated on the basis of forming plaques at 37
• mapped in the E gene, and were referred to as λε. There were at least five distinct amber alleles defined by the λε mutations. In addition, independently isolated λ Eam mutants exhibited the ε phenotype (22, 63) . These observations, taken together, strongly suggested that the mechanism by which these mutations bypassed the groE-imposed block was by simply lowering the amount of the λE gene product, thus enabling the mutated GroE function to concentrate on fewer bacteriophage capsid structures (22, 63) . Subsequent analysis demonstrated that other λε mutations did not map in gene E but rather in gene B, whose product, λB, forms the dodecameric portal structure at one of the vertices of the bacteriophage λ head, through which the DNA enters the prohead structure (42) . Because of the apparent allele specificity of the λB mutations, the primary block exerted by the groE mutations on λ growth is most likely at the λB protein folding level. In this sense, the term groE is a misnomer, and groB would have been more appropriate.
In contrast to bacteriophage λ, the vast majority of the bacteriophage T4-encoded mutations that bypass the groE-imposed block map in gene 31 ( Table 2 ). The gene 31 product, Gp31, was previously shown to be essential to prevent the aggregation of the major capsid protein, Gp23 (2, 44). Some of the interactions between the various mutations in gene 31 and those in groE appeared to be allelespecific, suggesting a direct interaction between Gp31 and the corresponding mutated host gene product. In addition, a minority of the T4 mutants that bypass the host-imposed block map in gene 23, although these 23 * mutations did not completely bypass the requirement for Gp31 (50, 65) . However, Simon & Randolph 
Bacteriophage growth was monitored at 37 14) .
The molecular characterization of the groE locus was aided by the isolation of λgroE + transducing bacteriophages. The λgroE + transducing bacteriophages were selected directly out of a pool of λ transducing bacteriophages, each carrying a different segment of the E. coli chromosome, simply based on their ability to form plaques on various groE mutant hosts (24, 32) . These λgroE + transducing bacteriophages also served to produce high levels of GroE protein, thus leading not only to the preliminary identification of the GroE product as a 60,000 dalton protein, but also to its purification (31, 33) . However, further deletion and point mutation analysis of the various λgroE + transducing bacteriophages demonstrated that the groE locus is actually made up of two genes, groES, encoding a protein with an apparent mass of 15,000 dalton, and groEL, encoding the previously identified 60,000 dalton protein (69) . Interestingly, the isolated groE mutations were approximately equally distributed between the groES and groEL gene. Since mutations in either groES or groEL affected bacteriophage λ and Mu head morphogenesis, Mu and T5 tail morphogenesis (22, 29, 64, 78 ) (see Table 1 ), as well as bacterial growth at high temperature, qualitatively and quantitatively to the same extent, the GroES and GroEL proteins must function in the same biochemical pathway. Furthermore, the realization that the Rubisco binding protein of plants, necessary for the proper assembly of Rubisco, is homologous to GroEL exemplified their universal sequence conservation, as well as their function in promoting oligomeric protein assemblies (30) .
GroES Functions Together with GroEL to Constitute a Chaperonin Machine
Why did it take so long to realize that the GroES and GroEL proteins constitute a molecular chaperone machine? First, the original groE alleles were isolated on the basis of blocking bacteriophage λ or T4 growth, and the fact that they defined two distinct but adjacent genes was not discovered until 10 years later. Because the groE mutations blocked the head protein morphogenetic cleavages intrinsic to λ and T4, and the tail morphogenetic cleavage associated with T5 tail assembly, this left the impression that the GroE protein itself may be a protease or a component of a protease. The purification and characterization of GroEL and the realization that it is a tetradecameric structure with sevenfold symmetry encouraged the notion that its symmetric surface acts like a scaffold to allow the proper oligomerization of some structural proteins to give rise to the correct morphogenetic structure, which in turn is the correct substrate for protease cleavage. Subsequent genetic studies showed that the defects of some temperature-sensitive mutations can be reversed in vivo, provided both GroEL and GroES are overexpressed (17, 40, 72) .
The realization that GroEL acts solely at the level of preventing the aggregation and aiding the correct folding of a single polypeptide chain had to await subsequent work from many laboratories. For example, Bochkareva et al (6) showed that GroEL transiently associates with newly synthesized pre-β-lactamase (a secreted protein) and chloramphenicol acetyltransferase (a cytosolic protein), and that these transient complexes were destroyed in the presence of ATP. Shortly after, Goloubinoff and colleagues (26, 27) showed both in vivo and with purified components in vitro that the GroEL and GroES proteins promote the reconstitution of prokaryotic Rubisco. Additional studies established that the GroEL/GroES chaperone machine folds many proteins both in vitro and in vivo. For example, when the GroEL/GroES chaperone machine is disabled, specific proteins aggregate to various degrees (28, 34) . In a recent study, using co-immunoprecipitation experiments, it was shown that approximately 10% of all newly synthesized polypeptides are transiently associated with GroEL, and the identity of many of them was established (16, 36) . The molecular mechanism of action of the GroEL/GroES chaperonin machine was aided tremendously by the pioneering structural work of the late P Sigler and his colleagues, who solved the X-ray crystal structure of both GroEL alone (7) and that of the GroEL/ADP/GroES complex (74) . These studies, coupled to the X-ray crystal structures of GroES and Gp31 (37, 38) , cryoelectron microscopy (55), and extensive genetic (19) and biochemical (8, 47, 56, 57, 70) analyses, have led to the overall elucidation of the molecular mode of action of the GroEL/GroES chaperonin machine (reviewed in 1, 9, 19, 35, 60) (described in the legend to Figure 1 , see color insert).
THE BACTERIOPHAGE T4-ENCODED Gp31 IS A BONA FIDE GroEL COCHAPERONIN
Why was the realization that Gp31 is a bona fide GroEL cochaperonin so delayed? The following factors contributed significantly to this delay. First, when bacteriophage T4 gene 31 was sequenced, there was no apparent similarity between its predicted amino acid sequence and that of GroES (41, 49) . Furthermore, polyclonal rabbit antibodies raised against either GroES or Gp31 failed to cross-react with the other protein (49) . These results, coupled with the original observation that the purified Gp31 protein acted as a monomer (10) whereas GroES is a heptamer (11) , made it seem unlikely that Gp31 and GroES had similar functions. However, subsequent genetic studies demonstrated that gene 31 can indeed suppress the bacterial temperature-sensitive phenotype of some of the groES mutations, suggesting that even in the absence of apparent sequence similarity, the GroES and Gp31 proteins have very similar functions (71) . These conclusions were substantiated at the biochemical level by the demonstration that (a) Gp31's native structure is indeed oligomeric, its deduced molecular weight corresponding closely to that of a heptamer; (b) Gp31 can substitute for GroES in the in vitro refolding of prokaryotic Rubisco; and (c) Gp31 inhibits GroEL's ATPase activity to the same extent and with the same kinetics as GroES (71) . The previous genetic experiments of Fayet et al (18) had demonstrated that both the groES and groEL genes are absolutely essential for E. coli viability under all growth conditions tested. This type of approach has been recently extended to show that the groES gene can be deleted in the presence of the 31 gene of bacteriophage T4 or the cocO gene of RB49 (see below; FK & CG, unpublished results). The substitution of Gp31 for GroES confers no obvious defect or disadvantage on bacterial growth, either on different media or under various temperatures. Not only can the bacteriophage-encoded gene 31 or cocO completely substitute for groES in E. coli growth, but either can replace groES for both bacteriophage λ and T5 growth as well. These genetic studies have been substantiated by in vitro experiments that demonstrate that Gp31 and CocO can replace GroES in the folding of all tested protein substrates of GroEL (54, 71; DA, AR, M Mayer, FK, H Krisch & CG, unpublished data).
Genetic Analysis of the Gp31 Mobile Loop
The recently solved X-ray crystallographic structures of GroES and Gp31 have permitted the recognition of structural features that help explain the similarities between the two cochaperonins, while also highlighting essential differences (Figure 2 , see color insert). For example, although GroES and Gp31 share only 14% amino acid sequence similarity (43) , their overall tertiary structures are very similar, with the exception of the features outlined below (37, 38) . Perhaps the most important common feature, besides the sevenfold symmetric structure, is the GroEL-binding mobile loop, first identified in both proteins by nuclear magnetic resonance (NMR) experiments and limited proteolysis (45, 46) . The functional significance of the mobile loop of GroES and Gp31 in interacting with GroEL has been demonstrated by both genetic and biochemical studies. The biochemical experiments consist of NMR studies, which show that both the GroES and Gp31 mobile loops become immobilized upon binding to GroEL, adapting a similar 3:5 β-hairpin structure that is centered around a universally conserved glycine (G) residue (the only one capable of giving rise to this type of a turn) and followed by three universally conserved hydrophobic residues. The genetic studies led to the realization that all of the groES mutations, which were originally isolated as blocking bacteriophage λ growth, affect residues in conserved regions of the mobile loop of GroES.
Similarly, all T4ε mutations that compensate for a given groEL mutant block also affect the equivalent region of the mobile loop of Gp31 (41, 54) . Furthermore, when 20 independently isolated suppressors of the T4ε1 mutation were selected, based on their ability to permit plaque formation on the otherwise restricting groEL515(A383T) host (Table 2) , they were all shown to affect the mobile loop, each altering one of six different amino acid residues. Strikingly, 14 of these independent suppressors had a change at the threonine codon at position 31 (T31), which normally physically interacts with the leucine residue at position 35 (the one altered to isoleucine by the T4ε1 mutation, L35I; Figure 2D ). All of the genetic results can be rationalized in terms of stabilizing or destabilizing the β-sheet propensity of the GroEL-bound mobile loop (52, 54) . In general, the amino acid changes in the mobile loop that are predicted to stabilize the β-sheet propensity favor growth on groEL44(E191G) bacteria, and those that are predicted to destabilize it favor growth on groEL515(A383T) bacteria (54; AR, F Schwager, SJ Landry & CG, unpublished data).
It has been shown biochemically that wild-type Gp31 does not make a stable complex with the GroEL44(E191G) mutant protein, whereas Gp31(L35I), the product of the 31ε1 mutant gene, does. Thus, it is clear that GroEL44(E191G) exhibits reduced affinity toward the Gp31 wild-type protein, and that the Gp31(L35I) protein restores a functional interaction. Furthermore, the double mutant protein Gp31(L35I)(T31A), which permits growth on groEL515(A383T) mutant bacteria, binds to wild-type GroEL, albeit with a reduced affinity compared to Gp31(L35I) (54). All of these genetic and biochemical results can be explained if one further assumes that the GroEL515(A383T) protein binds Gp31 wild type with an increased affinity, and Gp31(L35I) with an even higher affinity. Thus, the failure of wild-type T4 to propagate on groEL44(E191G) would be due to low affinity of GroEL44(E191G) for Gp31, leading to Gp23 capsid aggregation. Alternatively, the failure of T4ε1 to plate on groEL515(A383T) (Table 2) would be due to the increased affinity of Gp31(L35I), which would interfere with the timely release of Gp31(L35I) from GroEL515(A383T), thus again leading to Gp23 aggregation.
If these findings with the Gp31 cochaperonin could be extrapolated qualitatively to GroES, then one could also rationalize the effects of these groEL mutations on bacteriophage λ growth. Thus, the groEL44(E191G) mutation would block λ growth because of its low affinity with GroES, whereas the groEL515(A383T) mutation would block λ growth because of its higher affinity for GroES and/or the λB substrate, thus interfering with the timely recycling of GroES, and consequent failure to properly mature the λ protein. In this respect, evidence exists suggesting that the λB protein binds tightly to the GroEL515(A383T) mutant, since it is not released in the presence of ATP (77) .
Most of the conclusions derived from the early genetic and more recent biochemical studies about the key regulatory role of the mobile loop in modulating GroEL/GroES and GroEL/Gp31 interaction have been verified in the GroEL/ GroES cocrystal structure (74) . Here, the only direct contact seen between GroES and GroEL is through the highly conserved hydrophobic tripeptide sequence, carboxy-terminal to the universally conserved G residue that assures the β-turn of the mobile loop (Figure 2 ). The groEL44(E191G) mutation results in the E191G substitution, far removed from the GroES binding site. Instead, the E191 residue is immediately adjacent to G192, which acts as a "hinge" in the massive, en bloc movements of the GroEL apical domain (Figure 1 , see color insert). Thus, the E191G substitution should influence the distribution of GroEL conformational states between the "closed" and "open" states of the apical domain (Figure 1) . A logical extrapolation of the results detailed above would be that the GroEL(E191G) mutant protein spends more time in the closed state, thus disfavoring GroES and Gp31 binding. Based on the genetic and biochemical evidence accumulated, it is expected that GroEL(A383T), the product of groEL515(A383T), exhibits defective bacteriophage growth characteristics because its affinity for the cochaperonins is elevated (AR, F Schwager, SJ Landry & CG, unpublished data).
CONVERGENCE OF GENETIC STUDIES
Because genetic analyses are necessarily carried out in vivo, their conclusions are always indirect, and for thoroughness of argument, they should always be verified by biochemical analyses. Yet, one of the most satisfying aspects of genetic suppressor analysis is when different selection procedures identify the same suppressor site. This has been exactly the case with two different suppressor studies involving the following selections. First, advantage was taken of the fact that the groES42 and groES619 mutations exhibit a temperature-sensitive phenotype for bacterial growth, and spontaneous temperature-resistant suppressors were selected at 43
• C (68, 76) . In order to ensure that these suppressors are extragenic and, furthermore, map in the groEL gene, the suppressors were screened for those that blocked either T4 or T4ε1 growth at 43
• C (approximately 5% of all temperature-resistant revertants). Following this procedure, three different GroEL amino acid residues, V174, V190, and G375, were identified that when mutated could satisfy both the selection and subsequent screen procedure employed. Because the groES6l9 mutation alters the universally conserved G24 residue of GroES' mobile loop, it is expected to weaken binding to GroEL. Thus, it is expected that the groEL compensatory mutations function by strengthening the interaction with the mutant GroES protein. Following the same logic, the fact that the groEL suppressor mutations block T4 growth could be explained in the same terms, i.e. they also strengthen the interaction with Gp31, thus interfering with the timely release of Gp31 and, therefore, leading to Gp23 aggregation. In agreement with these expectations, the T4ε1 mutant, which encodes the high-affinity Gp31(L35I) mutant protein, also does not plate on these groES extragenic suppressors that map in groEL. Rather, a new spectrum of T4ε mutants, exemplified by T4ε711, can now be isolated as plaque formers on these new restricting hosts (68, 76) . Since the gene 31ε711 mutation results in the deletion of the universally conserved E28 residue in the mobile loop (41) , it likely compensates the groEL515(A383T) defect by weakening the cochaperonin's affinity for GroEL.
In a parallel study, advantage was taken of the fact that the groEL44(E191G) mutation exhibits a temperature-sensitive growth phenotype (Table 2) . Spontaneous temperature-resistant revertants were simply selected at 43
• C and their groEL gene sequenced (GK & CG, unpublished results). Most of these suppressors turned out to be intragenic. Many of these groEL44(E191G) intragenic suppressors altered one of the very same amino acids (V174, V190, and G375) that were previously shown to suppress the temperature-sensitivity exhibited by groES mutations (76) . Since the GroEL44(E191G) mutant protein is defective in binding the wild-type Gp31 cochaperonin (54), most likely the groEL44(E191G) intragenic suppressor mutations function by strengthening GroEL's interaction with its GroES and Gp31 cochaperonins. In perfect agreement with this conclusion, the double groEL44(E191G)(V190I) mutant allows the growth of bacteriophage T4, whereas each individual mutation, when acting alone, blocks bacteriophage T4 growth (Table 2 ). This exclusively genetic study highlights the importance of the V190-V174-V376 residues of GroEL, which form a very tight hydrophobic cluster, both in the closed and open state, located at the hinge that controls the rotating movements of the apical domain (around G192 and G375; Figure 1A ). What is significant, however, is that in the closed state, this triple valine "sandwich" is in contact with the hydrophobic I333 ( Figure 1C ) residue, but this contact is destroyed in the open GroEL conformation ( Figure 1D ). The newly identified suppressor mutations very likely strengthen GroEL's affinity for its cochaperonin partner by destabilizing the interaction of the triple valine sandwich with I333, thus favoring GroEL's open conformation. Clearly, these interesting predictions on GroEL's affinity for its cochaperonin partners have to be biochemically tested and verified.
A PSEUDO-T4 BACTERIOPHAGE, RB49, ENCODES CocO, A Gp31 HOMOLOGUE
Recently, a large number of bacteriophages with T4-like morphology have been characterized according to their DNA sequence homology with the classical T-even bacteriophages T2, T4, and T6 (48) . The majority of these bacteriophages are very closely related to T4 at the DNA sequence level. Not surprisingly, most of these closely related bacteriophages encode a Gp31 protein almost identical in sequence to that of Gp31. However, PCR amplification and DNA hybridization experiments with the pseudo T-even bacteriophage RB49 suggested that this bacteriophage has no gene 31 homolog with significant similarity to gene 31 of T4 (DA, AR, M Mayer, FK, H Krisch & CG, unpublished data). The fact that bacteriophage RB49 is totally dependent on the GroEL function for successful completion of its life cycle [actually, bacteriophage RB49 is even more sensitive to the effects of the various groEL mutations than T4, i.e. groEL515(A383T); Table 2 ], but is totally independent of the host-encoded GroES function suggested that it may code for a Gp31 ortholog. In analogy with the isolation of the bacteriophage T4ε1 mutant, spontaneous mutants of RB49 can be readily isolated that grow on the groEL44(E191G) mutant host. Surprisingly, one such isolate, RB49ε22, cannot form plaques on the wild-type E. coli host. This unique plating characteristic of RB49ε22 led to the identification of the RB49 gene that encodes the wild-type ε22 allele. This gene was termed cocO [co chaperonin cognate; (DA, AR, M Mayer, FK, H Krisch & CG, unpublished data)]. The predicted sequence of the RB49 cocO gene product is shown in Figure 2 . It encodes a 107-amino acid protein, which is 34% identical and 53% similar at the amino acid level to Gp31, but, like Gp31, exhibits extremely limited identity to GroES. Interestingly, the cocOε22 mutation, isolated as compensating for the groEL44(E191G) block (DA, AR, M Mayer, FK, H Krisch & CG, unpublished data) (Table 2) , results in the glutamine to arginine substitution at position 36 (Q36R) of the mobile loop; this amino acid is absent in Gp31 (Figure 2A ).
Structural Features Shared by Gp31 and CocO that Distinguish Them from GroES
The CocO protein has conserved all four structural features (37) that were highlighted as distinguishing Gp31 from GroES, and all other GroES-like cochaperonins. These features may help explain why only Gp31 and CocO can fold each other's Gp23 capsid protein, as GroES is completely unable to perform this task. First, Gp31's and CocO's mobile loops are substantially longer compared to that of GroES (22 for Gp31, 23 for CocO, and 16 residues for GroES; Figure 2A ). The increased length of the mobile loop in Gp31 and CocO may result in a larger dome structure when the cochaperonin is bound to GroEL (Figure 1B) , and thus could better accommodate Gp23, a relatively large substrate of 56,000 dalton. To understand the contribution that the Gp31 mobile loop plays toward its unique ability to fold Gp23, it was replaced with that of GroES. The resulting Gp31 hybrid protein maintains its ability to support E. coli and bacteriophage T5 growth, but it loses its ability to function in Gp23 folding or to support bacteriophage λ growth (AR, F Schwager, SJ Landry & CG, unpublished data). Thus, the Gp31 mobile loop is necessary for the folding of Gp23.
Hunt et al (37) also noted the presence of a universally conserved aromatic acid residue at position 71 in GroES and its homologues. This residue juts into the central cavity of GroES, thus potentially limiting the volume available within the GroEL/GroES complex for substrate folding. This aromatic amino acid is absent from the equivalent position in both Gp31 and CocO cochaperonins (Figure 2A) . To understand the significance of the absence of this aromatic residue in either Gp31 or CocO, a tyrosine residue was inserted into the analogous position of Gp31. The resulting Gp31(Y71) mutant protein supported E. coli and bacteriophages λ and T5 growth, but was partially compromised in its ability to support T4 growth, suggesting that it is not as capable in folding Gp23 as wild-type Gp31 (51) .
Another feature that distinguishes both Gp31 and CocO from GroES and the other cochaperonins is the lack of a "roof loop" structure at the top of the GroES dome (Figure 2) . Again, this difference could, in principle, allow Gp31 and CocO to fold a larger substrate, such as Gp23, more efficiently. To test the importance of this structural difference in the ability to fold Gp23, the roof loop of GroES was grafted onto Gp31. Unfortunately, the resulting Gp31 protein with a potential roof loop aggregated extensively, and thus its effects on protein folding could not be determined (51) .
Finally, both Gp31 and CocO possess an extra loop at their carboxy-terminal region that is absent in GroES and all other GroES-like cochaperonins. In the Gp31 crystal structure, this extra loop domain is located outside of the dome ( Figure 2C ). Although it is not clear what role it plays in Gp31 and CocO cochaperonin function, deletion of this loop domain completely abolishes Gp31's specificity for the Gp23 substrate, but does not compromise E. coli growth or growth of bacteriophages λ and T5 (51) . Thus, it appears that the longer mobile loop and extra carboxyterminal loop of Gp31 are absolutely essential for Gp23 folding, whereas the presence of the Y71 partially hinders ability to fold Gp23.
The reciprocal set of experiments, namely to graft all Gp31-specific structural features onto their corresponding GroES positions, has also been accomplished, but with disappointing results. All GroES hybrid derivatives that either possess Gp31's mobile loop, lack the roof loop structure, lack the Y71 residue, or possess the extra carboxy-terminal loop of Gp31 are capable of supporting E. coli and bacteriophages λ and T5 growth, but none can substitute for Gp31 in T4 growth (51) . Furthermore, a GroES hybrid construct that carries all four Gp31-specific features mentioned above performs reasonably well as a cochaperonin for E. coli, λ, and T5 growth, but, again, not for T4 growth (51) . Thus, in spite of these extensive genetic analyses, the molecular mechanism(s) that underlies the unique capacity of the Gp31/CocO cochaperonins to fold the Gp23 capsid protein remains enigmatic.
SOME MAJOR QUESTIONS AND FINAL COMMENTS
1. What is the exact molecular mechanism that enables the bacteriophage-encoded Gp31 and CocO cochaperonins to correctly fold the capsid Gp23 protein? The extensive genetic analysis reviewed above clearly suggests an important contribution from most structural differences between Gp31/(CocO) and GroES. However, the exact molecular mechanism remains elusive. It could be that the Gp31(CocO)/GroEL folding cycle is qualitatively and/or kinetically different than that of GroEL/GroES, thus favoring the fast and efficient maturation of Gp23. Another possibility could be that the Gp31(CocO) cochaperonins can more readily bind to the trans ring of GroEL than GroES, and in doing so, cause the efficient release of Gp23 from the cis ring. Finally, as mentioned above, the size and biochemical properties of the Gp31(CocO)/GroEL cavity could be specifically customized for efficient Gp23 folding. Since none of the many possibilities mentioned above are mutually exclusive, they could all contribute to the correct and rapid folding of Gp23. Perhaps, only the X-ray crystal or high resolution electron microscopic structure of the GroEL/Gp31 or GroEL/CocO complex will furnish us with the critical clue(s) to correctly address these questions. Alternatively, possession of a Gp31-like function makes a T4-like bacteriophage completely independent of the host's GroES cochaperonin, thus allowing it not only to grow better, but perhaps to also expand the range of bacterial species on which it can productively propagate. Furthermore, because of their exclusively virulent mode of propagation, bacteriophages T4, RB49 and their cousins probably require "tougher" shells to protect their precious DNA, until another sensitive bacterium is encountered. Thus, their major capsid protein, Gp23, may have evolved to be very "sticky" and hence difficult to fold at the monomer level. Such selective pressure may be less for bacteriophages λ and Mu since, being temperate, they propagate in nature mostly in the lysogenic state. Another important aspect is the large number of Gp23 subunits produced in an infected cell. The T4 bacteriophage possesses an icosahedral head structure composed of 960 Gp23 subunits (5). If one assumes a burst size of 200 bacteriophage particles per infected bacterium, then at least 200,000 Gp23 subunits must mature within the short time available for proper head morphogenesis. In addition to being relatively large, the Gp23 capsid protein also easily aggregates in the absence of Gp31 (2, 5, 44). Thus, Gp23 may necessitate many cycles of GroEL-binding and release for its correct maturation. Clearly, the intracellular levels of GroEL can be extremely limiting for T4 development, since infecting E. coli bacteria grown at 30
• with T4 and immediately shifting them to 42
• dramatically limits viable T4 progeny formation (73) . This negative effect on T4 growth is completely reversed if GroEL is overproduced before infection. 4. Besides the Gp23 capsid protein, are there other T4-encoded proteins that also benefit from Gp31's presence? If so, why is Gp31 not absolutely necessary for their folding? Could it be that they also use the GroES cochaperonin of the host or perhaps an alternative chaperone pathway encoded by the host or T4 for their correct folding?
5. Does bacteriophage T4 inactivate GroES and/or modify GroEL so that GroEL can better function with Gp31? The fact that Gp31 can help fold the Gp23 protein in the absence of T4 infection (2) argues against these possibilities. Two different studies have indeed reported GroEL phosphorylation modulates either its ability to release one of its protein substrates (58) or even to bind RNA (21) . To our knowledge, these potentially important studies have not been pursued in more molecular detail.
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Visit the Annual Reviews home page at www.AnnualReviews.org (37, 38) , modeled in Rasmol. The top view of the heptameric structures is shown. The mobile loop normally should not be visible in the X-ray crystal structure. However, one mobile loop can be seen in GroES because it is packed against a neighboring GroES molecule. In Gp31, the mobile loops of one molecule interdigitate with those of a neighboring Gp31 molecule, thus becoming visible. See text for details. (D) The Gp31 mobile loop structure seen upon binding to GroEL (courtesy of Dr. Sam Landry). The mobile loop assumes a 3:5 β-hairpin structure, so that the first universally conserved hydrophobic residue (L35 in Gp31) directly contacts the T31 residue of the mobile loop. Mutating any of these residues influences the stability of the β-hairpin, as highlighted by genetic and biochemical studies.
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